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Summary 
 
 
The River Protection Project-Waste Treatment Plant baseline for pretreating Envelope C low-activity 
waste (LAW) at Hanford includes a precipitation step for removing radioactive strontium (Sr-90) and 
transuranic (TRU) isotopes before the waste is vitrified.  The current design basis for the Sr/TRU removal 
process is the addition of strontium nitrate (0.075M) for isotopic dilution and permanganate (0.05M) for 
TRU removal at 1M additional sodium hydroxide.  Section 5 of the Research and Technology Plan (BNI 
2002) identifies further research needs, which are illustrated in Figure 5-14, Precipitation Test Matrix. 
 
One need shown in this matrix is optimization of the Sr/TRU precipitation reaction conditions [SOW 
Ref.:  Sec. C.6 Std.2 (a)(3)(ii)(B) and WBS No.: 1.2.10.03 and .05].  The optimization of the Sr/TRU 
precipitation process and the impact of recycle streams are addressed in Scoping Statement B-39, which is 
included in Appendix C of the Research and Technology Plan.  In accordance with Scoping 
Statement B-39, Test Specification TSP-W375-01-00003, and Test Plan CHG-TP-41500-019, studies 
were conducted to determine if low levels of reagent provide adequate decontamination conditions for 
integrated process testing with a mixture of Tank AN-102 waste and high-level waste (HLW) sludge 
pretreatment streams (supernatant, wash, caustic leach, and rinse solutions from HLW pretreatment of 
Tank C-104 wastes).  The mixture is referred to as “AN-102/C-104 waste blend.”  Studies with the 
AN-102/C-104 waste blend include demonstrating that reduced levels of strontium and permanganate 
addition provide decontamination of the liquid waste (supernatant) to meet LAW requirements for 
vitrification. 
 
The success criteria for this study include demonstrating that the treated liquid waste meets 
Specification 2 of the Bechtel National, Inc., contract for removing Sr-90 and TRU elements from the 
LAW solution; i.e., 20 Ci/m3 for Sr-90 and 100 nCi/g for TRU (DOE 2000).  Blending the AN-102 waste 
with the sludge pretreatment solutions resulted in over 60% dilution in the Sr-90 and Am-241 activity 
relative to the sodium concentration.  As a result of the waste blending, decontamination factors (DFs) of 
approximately 5 for Sr-90 (80% removal) and 1.6 for TRU (38% removal) are required to meet a target of 
50% below the LAW contract requirements (20 Ci/m3 and 100 nCi/g, respectively).  Since over 90% of 
the TRU in the AN-102/C-104 waste blend is Am-241, a target DF of 1.6 was established for Am-241. 
 
The objective of the work reported here was to treat a 1-L batch of AN-102/C-104 waste blend and 
conduct filtration tests to demonstrate that the blending does not affect decontamination and solids 
removal by crossflow filtration.  The 1-L batch of AN-102/C-104 was treated at the optimized process 
conditions (Hallen et al. 2002a).  The treatment conditions provided adequate Sr/TRU decontamination of 
the AN-102/C-104 waste blend to meet the LAW contract requirements.  Multiple samples were analyzed 
during the treatment and digest of the precipitate.  The ratio of Sr-90 to total strontium remained constant 
during the process testing, and the ratio in the liquid and solids was equivalent.  The results showed that 
strontium exchange/isotopic dilution was nearly complete after 18 minutes of mixing.  The Sr-90 DFs 
showed some variation with time and temperature, as did the total soluble strontium.  The decreased 
strontium solubility with increased temperature has been discussed earlier (Hallen et al. 2002a), but the 
work described here reflects the first time a detailed study was undertaken and the significant time effect 
for strontium solubility shown.  These results suggest that the Sr/TRU precipitate should be digested for 
more than 4 hours before filtration; digestion for as long as 24-hour should be considered. 
 
Very little TRU removal occurred without addition of permanganate.  The TRU removal showed very 
little effect of time or temperature once the permanganate was added.  Similar to Sr-90 removal, the TRU 
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removal by permanganate addition was complete 18 minutes after the start of reagent addition.  The TRU 
removal results were similar to earlier small-scale tests (Hallen et al. 2002b) and exceeded the 
requirements for immobilized low-activity waste (ILAW).  The permanganate addition also increased the 
Sr-90 decontamination by approximately 10%.  In addition to TRU removal, permanganate treatment also 
removed Eu-154, a gamma emitter, which will help reduce the dose in the LAW vitrification facility. 
 
Crossflow filtration tests were conducted with approximately 900 mL of 1.4 wt% solids from Sr/TRU 
precipitation of the AN-102/C-104 waste blend.  A matrix of thirteen 1-hour filtration conditions was 
tested to evaluate the filterability of the precipitated slurry using a 2-ft-long, single-element, 0.1-µm 
sintered metal Mott filter in a filtration system installed in a hot cell.  The filterability of the slurry was 
evaluated by varying the transmembrane pressure (20 to 60 psid) and axial velocity (7 to 15 ft/s) in the 
test matrix, with the permeate being recirculated.  The test conditions produced permeate flux that ranged 
from 0.027 to 0.053 gpm/ft2.  The flux declined linearly with time over the test period.  The flux was 
dependent, to a lesser degree, on axial velocity and transmembrane pressure. 
 
Blending the C-104 HLW sludge pretreatment streams with AN-102 waste had no significant impact on 
decontamination of Sr-90, decontamination of TRU, or on removal of the combined entrained solids and 
Sr/TRU precipitate by crossflow filtration.  The permeate showed no signs of post-filtration precipitation, 
indicative of the low concentration of manganese and iron in the final permeate. 
 
Testing began in May 2001, and analytical continued through March 2002.  Battelle—Pacific Northwest 
Division (PNWD) implemented the RPP-WTP quality requirements by performing work in accordance 
with the quality assurance project plan (QAPjP) approved by the RPP-WTP Quality Assurance (QA) 
organization.  PNWD addressed verification activities by conducting an Independent Technical Review of 
the final data report in accordance with procedure QA-RPP-WTP-604.  This review verified that the 
reported results were traceable, that inferences and conclusions were soundly based, and the reported 
work satisfied the Test Plan objectives. 
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 1.1 

1.0 Introduction 
 
 
This report summarizes work performed by Battelle—Pacific Northwest Division (PNWD) in support of 
the River Protection Project-Waste Treatment Plant (RPP-WTP) at Hanford.  Before the liquid 
(supernatant) fraction of Envelope C(a) wastes (e.g., Tank AN-107 and Tank AN-102 waste) can be 
disposed of as low-activity waste (LAW), pretreatment is required to remove radioactive strontium 
(Sr-90) and transuranic (TRU) elements in addition to Cs-137, Tc-99, and the entrained solids.  The Sr-90 
removal process consists of isotopic dilution and precipitation of SrCO3 by nonradioactive Sr(NO3)2 
addition, and the TRU removal process involves complexant oxidation and subsequent TRU precipitation 
by permanganate addition.  This decontamination method is based on work conducted at Pacific 
Northwest National Laboratory (PNNL) by Orth et al. (1995).  Entrained solids and Sr/TRU precipitate 
are to be removed via crossflow filtration; Cs-137 and Tc-99 are to be removed by ion exchange.  In 
previous work for the RPP-WTP contractor, PNWD and the Savannah River Technology Center (SRTC) 
demonstrated a combined entrained solids and Sr/TRU removal process with actual waste samples from 
Envelope C (Hallen et al. 2000a,b; 2002a,b; Nash et al. 2000a,b). 
 
The WTP proposed process flowsheet for Envelope C waste includes the potential for mixing the 
incoming tank waste with recycle streams and high-level waste (HLW) sludge pretreatment streams 
(supernatant, wash, caustic leach, and rinse solutions).  These streams would be blended and processed 
through the Sr/TRU removal process.  Optimized treatment conditions were identified in tests with 
AN-102 waste samples (Hallen et al. 2002a), and were used for small-scale (20 mL) process verification 
testing on a specified mixture of AN-102 waste samples and C-104 sludge pretreatment solutions, 
referred to as the “AN-102/C-104 waste blend” (Hallen et al. 2002b).  These tests verified that optimized 
process conditions, which minimized reagent addition and reduced the process temperature to ambient 
temperature (25 ± 5°C), provided adequate Sr-90 and TRU removal to meet immobilized low-activity 
waste (ILAW) requirements. 
 
The objective of the work reported here was to treat a larger, 1-L, batch of AN-102/C-104 waste blend 
and conduct filtration tests to demonstrate that the blending does not affect decontamination and solids 
removal by crossflow filtration.  Treatment and digest were conducted at ambient hot cell temperature 
(approximately 31°C) with Sr(NO3)2 addition at 0.02M followed by permanganate addition at 0.02M.  
The precipitate was digested for 4 hours, and samples removed at various times.  Supernatant 
decontamination data were obtained from the test data.  The Sr-90 and TRU decontamination factors 
(DFs)(b) were compared to determine the efficiency of the Sr/TRU removal process. 
 
The treated waste was transferred to a cells unit filter (CUF), and a matrix of filtration tests was 
completed to determine the permeate flux as a function of process conditions.  The filtration results were 
statistically analyzed to determine the significance of the various process conditions.  A filtration model 
was used to evaluate the components of filtration resistance. 

                                                      
(a) Envelope designations are explained in DOE (2000). 
(b) The decontamination factor is defined as the amount of the contaminant in the waste before treatment divided 

by the amount present after treatment. 
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The results from Sr/TRU removal treatment and filtration tests are presented in this report.  Test 
conditions and experimental procedures are described in Section 2.0.  Experimental results from the tests 
are discussed in Section 3.0.  The major conclusions and recommendations are given in Section 4.0.  The 
appendices contain the test instruction, data sheets, logbook entries, and analytical data. 
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2.0 Test Conditions and Experimental Procedures 
 
 
This section describes the conditions used for the Sr/TRU removal and filtration testing, as well as the 
procedures used for the experiments and analyses. 
 
2.1 Description of AN-102/C-104 Waste Blend 
 
PNWD received 27 bottles of tank waste from Hanford’s 222-S Laboratory.  The waste material was 
taken by grab sampling of Tank AN-102 from riser 022 during the period August 7 through 11, 2000, and 
shipped to the 222-S Laboratory in Hanford’s 200 West Area.  The sample material was transferred to 
500-mL bottles before being shipped to the Radiological Processing Laboratory (RPL) in the 300 Area, 
where the bottles were inspected upon receipt (Hallen et al. 2002a, Appendix A).  All of the samples 
contained a settled layer of light brown solids with a dark brownish/black standing liquid.  Eight of the 
samples were designated for process testing.  The eight as-received AN-102 samples were homogenized 
to form a slurry and characterized (Urie et al. 2002a).  Supernatant and solids from jars of homogenized 
AN-102 waste were mixed to make a waste material consisting of 2 wt% undissolved solids.  
Supernatant, wash, caustic leach, and rinse solutions from Tank C-104 processing (Brooks et al. 2000b) 
were blended with the homogenized AN-102 waste to produce the AN-102/C-104 waste blend.  The  
AN-102 and C-104 materials were blended by Urie et al. (2002b) in accordance with test specification 
TSP-W375-00-00007 (Johnson 2000).  No visible gel formation or net solids increase occurred during the 
blending process. 
 
A sample of the AN-102/C-104 waste blend was characterized, and the sodium concentration was 
determined to be 3.2M (Urie et al. 2002b).  The target concentration for feed to the Sr/TRU removal 
process was given as 5.5 ± 0.5M sodium in the test specification, TSP-W375-01-00003 (Reynolds 2001).  
The waste was evaporated at 50°C until the sodium concentration was estimated to be 5.5M.  Samples of 
the evaporated waste were taken and analyzed before the tests began (Lumetta et al. 2002).  The sodium 
concentration was within the test specifications, 5.5 ± 0.5M after evaporation.  The evaporated waste 
blend was used as feed for Sr/TRU removal and “active” (i.e., with actual waste blend) filtration tests. 
 
Additional filtration tests (“inactive”) were conducted with a supernatant simulant that had been treated 
under similar conditions as the actual waste blend.  The treated simulant was used to examine differences 
in filter types and conditions that could not be obtained in the active filtration tests.  The supernatant 
composition of the AN-102/C-104 waste blend was approximated by mathematically combining 
composition data from the characterization of the initial AN-102 waste (Hay et al. 2000, Urie et al. 2002a) 
and the fractions of the various C-104 sludge pretreatments solutions (Brooks et al. 2000b).  The sodium 
concentration was adjusted mathematically to 5.5M, and the resulting composition was used by Geeting 
et al. (2002) to prepare a supernatant for the inactive tests.  The simulated supernatant was treated with 
0.02M Sr(NO3)2, 0.02M NaMnO4, and digested for 4 hours at 25 ± 5°C, analogous to the actual waste 
blend. 
 
2.2 Development of Test Conditions 
 
The RPP-WTP contract (DOE 2000) requires that the ILAW product contain less than 100 nCi/g TRU 
and that the average Sr-90 be less than 20 Ci/m3.  Supernatant from Envelope C waste contains levels of 
Sr-90 and TRU too high to meet ILAW requirements.  At the design basis waste sodium oxide loading of 
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15 wt% waste Na2O for Envelope C tanks, waste from AN-102 needs DFs of approximately 10 for Sr-90 
(90% removal) and 2 for TRU (50% removal) to meet a target of 50% below the ILAW disposal 
requirements.  Blending the AN-102 waste with the C-104 sludge pretreatment solutions resulted in 
greater than a 60% dilution in the Sr-90 and Am-241 activity relative to the waste sodium concentration.  
As a result of waste blending, DFs of approximately 5 for Sr-90 (80% removal) and 1.6 for TRU (38% 
removal) are necessary to meet a target of 50% below the ILAW disposal requirements.  Total alpha was 
measured for all samples and provides a more conservative estimate of the total TRU concentration in the 
treated samples than Am-241 analysis alone. 
 
Sr/TRU removal process conditions were defined using the results from the earlier optimization studies 
with AN-102 diluted waste (Hallen et al. 2002a) and small-scale (20-mL) verification tests with the 
AN-102/C-104 waste blend (Hallen et al. 2002b).  Based on these studies, the treatment temperature was 
specified as 25 ± 5°C, and both strontium and permanganate were added at 0.02M.  The target 
concentrations were based on the final volume after addition of both reagents.  No additional hydroxide 
was specified for this test, since the free hydroxide (0.33M) was shown to be adequate for Sr/TRU 
removal in previous testing (Hallen et al. 2002a,b).  The quantity of each reagent to add to the waste to 
achieve these values, as well as the actual quantities that were used, can be found in the test instruction 
included in Appendix A of this report. 
 
The precipitation and filtration testing discussed in this report was conducted in the CUF (see Section 2.3) 
in the High Level Radiochemistry Facility (HLRF) hot cells (in the RPL).  On the day of this test, the 
ambient temperature in the HLRF A-hot cell was 31°C, whereas during the small-scale tests in the 
Shielded Analytical Laboratory (SAL) hot cell (also in RPL), the ambient temperature had been 26°C.  
No provision had been made in the HLRF for chilling the large beaker of waste during the precipitation 
and digest process; consequently, the precipitation and digest test was conducted at 31°C, slightly higher 
than the test specification temperature of 25 ± 5°C.  The precipitate digest time was specified as 4 hours. 
 
Normally, a clean water flux is specified before and after any waste testing to determine the filter 
resistance and change with processing.  However, the clean water flux test is very sensitive to how well 
the CUF can be cleaned, and in the hot cell it is difficult to fully clean the CUF after tank samples have 
been processed.  This was also noted in earlier filtration tests (e.g., Hallen et al. 2000b).  To remedy this 
situation for all filtration tests, a standard slurry consisting of precipitated SrCO3 was developed to use for 
evaluating filter resistance.  The SrCO3 slurry was prepared by precipitation of 0.35M Sr(NO3)2 with 
excess Na2CO3 in a mixture of sodium nitrate and sodium hydroxide.  The filter flux of this slurry is less 
sensitive to the cleanliness of the CUF.  Tests were conducted with the SrCO3 slurry in the “cold CUF” 
(i.e., outside the hot cell) after completion of the hot cell tests to evaluate filter performance and establish 
reference data for future filtration tests.  Table 2.1 shows the targeted filtration conditions that were used 
for clean water flux and SrCO3 slurry flux testing. 
 
The filtration test conditions (test matrix) were developed jointly by the Contractor, PNWD, and SRTC.  
The matrix of filtration conditions for the active and inactive testing with the Sr/TRU treated waste and 
simulant samples is shown in Figure 2.1.  The matrix includes 13 combinations (denoted as conditions 1 
through 13) of transmembrane pressure (TMP) and crossflow (axial) velocity, each run for 1 hour in the 
order listed.  The filter was backpulsed with permeate between each 1-hour filtration test.  The initial 
filtration conditions (center point of the matrix) were repeated for 3 consecutive hours before filtration 
conditions were varied.  The center point was then repeated in the middle and at the end of testing to 
assess the effect of filter fouling with time over the course of testing.  The permeate flux results from this 
testing are given in Section 3.0. 
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Table 2.1.  Test Conditions for Clean Water and SrCO3 Slurry Flux Measurements 
 

Test 
TMP 
(psid) 

Axial 
Velocity 

(ft/s) Comments 
Clean Water Flux with 0.01M NaOH 10, 20, 30(a) 11 Hold each condition for 20 minutes; backpulse 

between conditions 
0.35M SrCO3 Slurry 10, 20, 30(a) 11 Hold each condition for 20 minutes; backpulse 

between conditions 
(a)  If the flux was too high at 30 psi, the pressures were decreased. 
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Figure 2.1.  Test Matrix of Transmembrane Pressure and Crossflow Axial Velocity Conditions for 
 Filtration of the Sr/TRU Treated Samples (Conditions 1-13) 
 
2.3 Testing Apparatus and Procedure 
 
The precipitation reaction was conducted in a 4-L stainless steel beaker, and stirring was provided by an 
overhead stir motor with impeller.  As noted in Section 2.2, the precipitation and digest were conducted at 
ambient hot cell temperature (31°C).  After the solids digest was complete, the precipitated waste was 
transferred to the slurry reservoir of the CUF for filtration testing.  A new CUF (MOD3) was fabricated 
just prior to this testing.  Modifications and the schematics of the CUF (MOD3) are discussed in Geeting 
et al. (2002). 
 
During filtration testing, the slurry temperature in the CUF was maintained at the specified value, 
25 ± 5°C, by flowing cooling water from an external chiller through a heat exchanger on the feed inlet to 
the filter.  The slurry temperature was measured by a thermocouple installed in the slurry reservoir and  
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controlled by a proportional-integral-derivative (PID) temperature controller that was built into the 
external chiller.  All thermocouples and measuring equipment were calibrated, and the calibration data 
recorded in the laboratory record book or test instruction. 
 
2.3.1 Filter Element for Testing 
 
For pretreatment testing, a 2-ft-long, 0.1-µm, sintered metal Mott filter was used (as specified by the 
Contractor).  The element is a tube-in-shell design, with the 3/8-inch-ID sintered metal tube mounted 
inside a 3/4-inch stainless steel pipe with threaded and compression fittings.  The inner sintered metal 
tube (filter) is welded to the outside shell to prevent leaks from occurring at the threaded fitting while 
testing in the hot cell.  Once welded, the filters must be leaked checked and tested before being installed 
into the hot cell CUF system. 
 
The filters for testing are provided by Mott, which manufactures a full line of sintered metal filters with a 
wide range of particle size rating (nominal) and for different service applications (gas or liquid).  Mott 
manufactures both an “Industrial Grade” and a “High Purity” (also known as 9-log reduction media) 
liquid service filter of 0.1-µm rating.  The densities of the two filters are about the same (i.e., they both 
have approximately 30% open pores), with the high purity filter having a larger number of finer pores.  
While the earlier filtration tests had used the Mott 0.1-µm industrial grade filters, the work discussed here 
also reports data for the Mott 0.1-µm high purity filters.  PNWD received three high purity liquid service 
filters from Mott, one of which had been installed in the hot CUF for the active filtration tests before the 
difference became apparent.  As a result of conducting the active filtration tests with the high purity filter, 
a series of inactive tests were conducted, using the cold CUF, with both types of filters.  Of the three high 
purity filters that were sent to PNWD, one had a leak and was not used; one was used for the active 
testing; and one was used for the inactive testing in comparison with the industrial grade filter.  
Sections 2.3.2 and 2.3.3 describe similarities and differences in how these filters were evaluated during 
acceptance testing. 
 
Acceptance testing is conducted with new filters in the cold CUF to verify the filter integrity and 
condition the new filter so that the initial flux measurements are not artificially high.  During acceptance 
testing, the clean water flux is also measured and compared with previous values to make sure that the 
filter resistance is not unusually low or high, which could indicate a filter defect.  The accepted filter is 
then available for testing of desired treated sample, in accordance with the conditions outlined in a test 
instruction.   
 
2.3.2 Acceptance Testing of High Purity Filter Used for Active Testing (Before 

Hot Cell Installation) 
 
The filter used for the AN-102/C-104 active testing had a 2-ft active length, 3/8-inch ID bore, and 
1/16-inch wall thickness.  The MOD3 CUF system and filter were first cleaned using tri-sodium 
phosphate (TSP) solution made from pre-filtered deionized (DI) water.  The TSP solution was circulated 
through the CUF, including the backpulse chamber and all drain lines.  The system was then rinsed three 
times with pre-filtered DI water.  After the system was cleaned, shakedown testing was performed on the 
CUF with a slurry of 5 wt% kaolin clay in DI water.  During the shakedown tests, the permeate was 
observed to contain wisps of color that appeared to be particulate matter.  When the filter housing was 
drained, clear evidence was found that the filter had allowed particulates to pass through.  Approximately 
90 g of permeate were collected from the filter housing drain.  This permeate was dried in an oven, and 
the total solids content was determined to be 1.0 g or >1 wt%.  Apparently, the permeate velocity in the 
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tube was generally lower than the settling velocity of the particulate; hence the solids collected in the 
filter annulus and the permeate showed only small signs of solids.  The filter was rejected for any further 
testing.  [It should be noted that a filter housing drain (1/4-inch Swagelok drain) was added to the new 
design of the CUF(MOD3), which greatly aided in determining that the filter was leaking solids.  It is 
recommended that a filter housing drain be installed on all filters to be tested.] 
 
Another filter element, ordered at the same time, was prepared by welding the tube in place.  The spare 
filter was cleaned with TSP, rinsed, and tested with a kaolin slurry, as described earlier.  This filter 
showed no signs of leakage.  After all shakedown testing was completed and prior to setting up the new 
CUF in the hot cell, the system was thoroughly cleaned and the clean water flux was measured.   
 
2.3.3 Acceptance Testing of High Purity and Industrial Grade Filters Used in 

Inactive Tests 
 
After completion of the AN-102/C-104 active testing, it was proposed that the SrCO3 slurry be used 
instead of the clean water flux measurement to determine the filter resistance.  The filters used for 
inactive tests (a high purity and an industrial grade) were tested with the SrCO3 slurry.  As a result of this 
testing, these two filters were each initially conditioned with the SrCO3 slurry before filtration tests were 
conducted with the treated (Sr/TRU removal process) AN-102/C-104 simulant. 

2.4 Experimental 
 
Once the evaporation of the AN-102/C-104 waste blend was completed in the HLRF hot cells, the waste 
was transferred to three 500-mL sample bottles (Lumetta et al. 2002).  The waste from these bottles was 
then transferred to a 4-L stainless steel beaker.  Some solids remained in the bottom of the bottles, and 
small amounts of DI water were used to transfer as much of the solids as possible to the large beaker.  
Duplicate 10-mL samples were used to determine the density of the waste after evaporation.  The average 
density of the waste was 1.25 g/mL.  With the waste stirring, an initial sample of the slurry was removed 
and filtered with a 0.45-µm disposable syringe filter to determine the starting composition of the waste.  
Stock solutions of 1M strontium nitrate and 1M sodium permanganate were prepared and transferred into 
the hot cell.  These reagents were slowly poured from the bottles directly into the large beaker while the 
stirrer was running.  Additional samples were taken after strontium reagent addition, after permanganate 
addition, and during precipitate digest.  A total of six samples were taken during precipitation and are 
listed in Table 2.2.  The samples were filtered immediately with a 0.45-µm disposable syringe filter into 
 

Table 2.2.  Sample Matrix for Precipitation of AN-102/C-104 Waste Blend 
 

Process 
Step 

Sample 
ID # 

Target 
[Sr] 

Target 
[MnO4

-] 

Time from Start 
of Sr Addition 

(hr:mm) Comment 
Initial 
Waste 

LS-01 None None 0:0 Initial waste 

Sr 
Addition 

LS-02 0.02M None 0:18 Sample taken 18 minutes after start of Sr 
addition, added in 6 minutes 

Mn 
Addition 

LS-03 0.02M 0.02M 0:42 Sample taken 18 minutes after start of Mn 
addition, added in 8 minutes 

Digest LS-04 0.02M 0.02M 1:29 Sample taken after 1 hour of digest 
Digest LS-05 0.02M 0.02 M 2:29 Sample taken after 2 hours of digest 
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Digest LS-06 0.02M 0.02 M 4:34 Sampled at completion of digest, 4 hours 
the appropriate labeled vial.  All samples were collected and transferred to the SAL for analyses.  The 
samples for chemical and radiochemical analyses were acidified and diluted to the appropriate levels for 
the analytical method.  The specific details of the precipitation reaction and observations are given in the 
test instruction (Appendix A). 
 
After 4 hours of digestion, the waste was transferred from the 4-L beaker to the reservoir of the CUF 
system.  During the CUF testing, five samples of permeate were collected for chemical and radiochemical 
analyses.  These samples (LS-07 through LS-11) are listed in Table 2.3, showing the filtration test 
number, sample number, time since the start of strontium addition, and lapsed total filtration time. 
 
The volume of waste was insufficient to allow slurry dewatering to be performed in the CUF.  As a result, 
after completion of the CUF testing, the waste was drained, and dead-end filtration was used to dewater 
the slurry.  Two samples of the dead-end permeate (LS-12 and LS-13, Table 2.3) were collected for 
analyses.  The solids collected on the filter were washed with four equal volumes (~30 mL) of 0.01M 
NaOH.  A sample of the composite wash permeate (LS-14, Table 2.3) was analyzed.  The washed solids 
were collected, and duplicate samples dried and digested for chemical and radiochemical analyses 
(sample LS-16). 
 

Table 2.3.  Sample Matrix for Filtration of AN-102/C-104 Waste Blend 
 

Filtration 
Test No.(a) 

Sample 
ID # 

Time from Start 
of Sr Addition 

Filtration 
Time Comment 

1 LS-07 6:16 0:25 First permeate sample from CUF 
2 LS-08 7:36 1:45 Sample mid-point of condition 2 
3 LS-09 8:38 2:47 Sample mid-point of condition 3 
6 LS-10 12:46 6:55 Sample mid-point of condition 6 

13 LS-11 20:35 14:44 Sample mid-point of condition 13 
Dewater LS-12/13 55:36 49:45(b) Sampled at completion dead-end 

filtration 
Wash LS-14 61:03 55:12(b) Sampled at completion of 4 washes 

(a) See Figure 2.1 for filtration conditions (axial velocity and TMP). 
(b) Total CUF filtration time of 15 hours 8 minutes. 

 
2.5 Chemical Analyses 
 
All of the chemical analyses were conducted at PNWD.  The test specification designated the analytes of 
interest and minimum reportable quantity (Reynolds 2001).  Chemical separation and alpha energy 
analyses (AEA) were performed on selected samples for Am-241.  Alpha spectroscopy and total alpha 
measurements were conducted on all samples.  The Sr-90 concentration was determined by chemical 
separation followed by beta counting.  Sodium concentration was determined by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES), as were the other metals listed in the test instruction.  
Samples were also analyzed by titration to determine the free hydroxide concentration.  Along with the 
standard analyses used for determining process performance, additional analyses were conducted on the 
permeate and washed solids to support the vitrification testing.  The analytical results in support of 
vitrification are not discussed in detail here, but all of the analytical results are included in Appendix B. 
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3.0 Results and Discussion 
 
 
The results of the experiments with the AN-102/C-104 waste blend are discussed here.  The Sr/TRU 
removal process conditions for this test used optimized levels of nonradioactive strontium and 
permanganate determined in prior tests.  A large enough sample was treated to allow filtration testing in 
the CUF.  The results of this testing provide data to demonstrate adequate decontamination of Envelope C 
tank waste when blended with HLW pretreatment streams (supernatant, wash, caustic leach, and rinse 
solutions). 
 
3.1 Decontamination of Sr-90 and TRU 
 
Multiple samples were collected during both precipitation and filtration to determine the extent of Sr-90 
and TRU decontamination.  The samples, as well as sample time and description, are listed in Table 3.1.  
Duplicate lab analyses were conducted on all samples and the results averaged.  The radionuclide 
composition of the treated samples was compared with the initial composition to determine the extent of  
 

Table 3.1.  Sample Identification and Description from AN-102/C-104 Waste Blend 
 

Process Step 
Sample 

ID # 

Time from Start 
of Sr Addition

(h:mm) 

Time from Start of 
Filtration Testing

(h:mm) Comment 
Initial Waste LS-01 0:0 -- Initial waste 
Sr Addition LS-02 0:18 -- 18 minutes after start of Sr addition, reagent 

added over 6 minutes 
Mn Addition LS-03 0:42 -- 18 minutes after start of Mn addition, 

reagent added over  8 minutes 
Digest LS-04 1:29 -- 1 hour of digest 
Digest LS-05 2:29 -- 2 hours of digest 
Digest LS-06 4:34 -- Sampled at completion of digest, 4 hours 
CUF 1 LS-07 6:16 0:25 First permeate sample from CUF 
CUF 2 LS-08 7:36 1:45 Sample mid-point of condition 2 
CUF 3 LS-09 8:38 2:47 Sample mid-point of condition 3 
CUF 6 LS-10 12:46 6:55 Sample mid-point of condition 6 

CUF 13 LS-11 20:35 14:44 Sample mid-point of condition 13 
Dewater LS-12/13 55:36 49:45(a) Duplicate samples taken at completion  of 

dead-end filtration 
Wash LS-14 61:03 55:12(a) Sampled at completion of 4 washes in dead-

end filter 
Washed Solids LS-15 61:03 -- Washed solids for energetics and particle 

size distribution 
Washed Solids LS-16 61:03 -- Washed solids for chemical and 

radiochemical analyses 
(a) Total CUF filtration time of 15:08. 
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decontamination.  The DF for a specific radionuclide is defined as the concentration of the component in 
the initial waste divided by the concentration after treatment, corrected by the amount of dilution that 
occurred during sample treatment: 
 
 )MD*]A/([]A[DF i=  (3.1) 
 
where [A]i is the concentration of component A per mass in the initial sample; [A] is the concentration of 
component A per mass in the treated sample; and MD is the mass dilution, final mass of treated solution 
divided by the initial mass of solution.  The final mass is determined by summing up the mass of initial 
waste and all dilution, adjustments, and/or reagent additions. 
 
The DFs for Sr-90 and TRU (total alpha) in each sample are shown in Figure 3.1.  The Sr-90 DFs were 
above the target of 5 (see Section 2.2) for all samples; however, the range was quite large from samples 
LS-6 to LS-12/13.  Sample LS-02 was taken after Sr addition, and had very little TRU removed.  Adding 
permanganate (LS-03) increased the removal of both Sr-90 and TRU.  The target TRU (total alpha) DF of 
1.6 was exceeded when permanganate was added (LS-03 through LS-12/13).  The variability in the Sr 
DFs shows more of a trend with sample number than the TRU DFs.  Furthermore, the large drop (~50%) 
in Sr DF from sample LS-06 to sample LS-07 corresponds to a drop in temperature from 31°C (ambient 
hot cell temperature) in the precipitation vessel to 23°C in the CUF during filtration testing.  
Samples LS-07 through LS-11 were all taken during filtration at temperatures of 22-25°C.  The final 
permeate, LS-12/13, was collected by dead-end filtration at ambient hot cell temperature. 
 
3.1.1 Decontamination of Sr-90 
 
A large number of samples were taken over time to examine the rate of isotopic exchange by comparing 
the ratio of Sr-90 to total Sr in solution.  Figure 3.2 shows the ratio of Sr-90 to total Sr with time, and the 
ratio for the final permeate and solids.  The initial waste supernatant has a Sr-90 to total Sr ratio around 
20 Ci/g.  The initial waste is known to be well under-saturated in Sr and once the addition of Sr(NO3)2 is 
complete at 18 minutes, the ratio remains relatively constant at 0.02 Ci/g.  The isotopic exchange is 
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 Figure 3.1. Strontium-90 and TRU (Total Alpha) Decontamination Factors for the Samples Taken 

During Precipitation and Filtration of Treated (0.02M Sr+2 and 0.02M MnO4
-) 

AN-102/C-104 Waste Blend 
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 Figure 3.2. Ratio of Sr-90 to Total Sr as a Function of Time Showing 

Rapid Isotopic Exchange of Sr-90 from Solution 
 
basically complete at 18 minutes of reaction, so the increased decontamination of Sr-90 with time is not a 
function of increased isotopic exchange.  The increased Sr-90 decontamination with time is directly 
related to the decrease in total Sr concentration, as shown in Figure 3.3.  The change in temperature 
between the precipitate reaction, 31°C, and filtration, 22-25°C, results in a major increase in Sr solubility; 
however, at both temperatures, additional time results in decreased Sr solubility, which in turn results in 
increased Sr-90 decontamination with time.  The temperature effect on Sr-90 decontamination has been 
well documented (Hallen et al. 2002a), but this is the first study that has shown the time-dependent Sr-90 
decontamination is not a result of isotopic exchange but decreased Sr solubility. 
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 Figure 3.3. Strontium Concentration as a Function of Sample Time and 

Temperature During Precipitation and Filtration 
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The Sr-90 DF and total Sr solubility from the earlier small-scale tests (Hallen et al. 2002b) and this study 
with AN-102/C-104 waste blend are compared in Table 3.2.  The data from these tests are consistent 
considering the sample times, 4 hours versus 18 minutes, and temperatures, 26ºC versus 31ºC, were not 
the same.  The longer reaction time is expected to give better Sr-90 decontamination and lower Sr 
solubility.  Likewise, the higher temperature also is expected to give better Sr-90 decontamination and 
lower Sr solubility. 
 
 Table 3.2.  Comparison of Sr-90 DFs and Total Sr Solubility for Treated Samples of 

AN-102/C-104 Waste Blend 
 

 Small-Scale Tests(a) This Study(b) 

Test Condition Sr-90 DF [Sr] µg/g Sr-90 DF [Sr] µg/g 

  Sr-Only 6.9 197 5.9 165 

  Sr + MnO4
- 8.8 172 10.2 101 

  (a)  26°C and 4 hours after reagent addition. 
  (b)  31°C and 18 minutes after reagent addition. 

 
3.1.2 Decontamination of TRU 
 
The TRU decontamination as a function of time and temperature was examined in a manner similar to 
the Sr-90.  Figure 3.4 shows that TRU decontamination was not consistently impacted by time or 
temperature.  The TRU decontamination was significantly greater than the target value of 1.6 once 
permanganate was added.  The permanganate reactions and TRU decontamination were complete when 
the first sample was removed at 18 minutes of reagent addition and mixing. 
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Figure 3.4.  TRU Decontamination as a Function of Sampling Time and Temperature 
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In addition to total alpha counting, the final dead-end filtered permeate was analyzed by additional 
analytical methods to examine the decontamination of specific TRU elements as well as gamma emitters 
such as Eu-154.  Figure 3.5 shows the DFs for radionuclides that were significantly removed by the 
Sr/TRU removal process.  The TRU is primarily Am-241 (>90%), which is reflected by the similar DF 
for Total Alpha, Pu-238+Am-241, and Sum of Alpha.  Curium is approximately 5% of the remaining 
TRU and has high DFs.  Eu-154 is not a TRU element but a gamma emitter that contributes significantly 
to the dose rate in the LAW vitrification facility.  Removal of Eu reduces dose in the LAW feed and is an 
added benefit of the Sr/TRU removal process.  The other gamma emitters above the background level, 
Cs-137 and Co-60, were not removed by the Sr/TRU process. 
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Figure 3.5.  Decontamination Factors for TRU Isotopes and Eu-154 in the Final Permeate 
 
The Am-241 and Cm-243+244 DFs for this study and the small-scale tests (Hallen et al. 2002b) with 
AN-102/C-104 waste blend are compared in Table 3.3.  Both studies showed little or no Am and Cm 
decontamination with Sr addition only.  The permanganate addition was required for Am and Cm 
decontamination, and significantly more decontamination occurred in the large-scale tests discussed here.  
This additional decontamination was observed when comparing expected DFs from the small-scale,  
20-mL, tests to the 1-L bench-scale experiments, and could be a result of differences in reagent addition, 
including the rate of addition and reagent concentration, or possibly mixing.  However, the small-scale 
tests with the AN-102/C-104 waste blend were lower than expected based on tests with dilute AN-102 
(Hallen et al. 2002a), which had DFs of 4.8 for both Am and Cm.  Therefore, the results of this study are 
more consistent with the expected results for AN-102, and the blending does not appear to have impacted 
the decontamination of TRU elements. 
 
3.2 Chemical Composition 
 
The treated slurry was drained from the CUF system and dewatered by dead-end filtration.  The solids 
were collected on the filter and washed with approximately four equal volumes of 0.01M NaOH.  The 
wash solutions were composited for analyses, and washed solids submitted for moisture analyses and 
digestion for chemical and radiochemical analyses.  The impact of the Sr/TRU process steps on 
composition of the permeate, the wash composite, and the combined entrained solids/Sr/TRU precipitate 
is discussed below.  
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 Table 3.3. Comparison of Am-241 and Cm-243+244 DFs for Treated Samples of 
AN-102/C-104 Waste Blend 

 
Small-scale Tests This Study Test 

Condition Am-241 DF Cm(a) DF Am(b) DF Cm(a) DF 
  Sr-Only 1.2 1 1.4 0.8 
  Sr + MnO4

- 2.7 1.7 4.9 2.9 
  (a)  Cm = Cm-243+244. 
  (b)  Am = Am-241+Pu-238. 

 
3.2.1 Chemical Composition of the Treated Supernatant 
 
Chemical analyses of each sample were conducted using ICP-AES.  The ICP data from each sample can 
be used to determine the impact of reagent addition and sampling time on the chemical composition of the 
supernatant.  However, many key elements were below the detection limit on the instrument (ICP-AES 
data reports are given in Appendix B).  The impact of the Sr/TRU process on the chemical composition of 
the treated supernatant is best summarized by examining the final supernatant composition and 
calculating the percent removed relative to the starting waste.  Table 3.4 shows the composition of the 
final permeate sample in µg/g, and the percent change that occurred for the ICP elements.  A number of 
the elements show little or no significant change on treatment:  Al, Cd, Cr, K, Na, Ni, and P.  It is 
important that Al, Cr, and P remain in the supernatant so they are vitrified in the LAW melter.  The low 
Cr removal for permanganate treatment is in contrast to the AN-102 diluted waste (Hallen et al. 2002a), 
which showed significant Cr removal (30 to 50%), but similar Cr removal was found for the small-scale 
tests with the waste blend (Hallen et al. 2002b).  Strontium addition had the most impact on chemical 
composition; increasing the total Sr from approximately 1 µg/g to 74 µg/g in the treated supernatant.  The 
Sr addition also removed Ca from solution.  Significant Fe was removed, which has been noted in all 
earlier Sr/TRU removal studies.  The permeate had low concentrations of Mn and Fe and showed no signs 
of post-filtration precipitation.  
 
3.2.2 Chemical Composition of the Wash Composite  
 
The primary function of the wash step is to displace the interstitial liquid in the dewatered slurry, but 
some solids are also dissolved.  The treated slurry volume was too low to allow dewatering and solids 
washing in the CUF.  Instead, the dewatered solids were washed on the dead-end filter unit, which is not 
very representative of washing in the crossflow filter unit, since the solids are not re-slurried with each 
wash and channeling can occur.  Four separate washes were conducted, and the wash permeates were 
composited for analysis by ICP-AES (Table 3.5).  The change in composition of the wash composite 
relative to the diluted supernatant (permeate) composition gives an understanding of the dissolution or 
possible precipitation of key elements.  A positive percent change indicates the component is greater than 
expected and likely resulted from dissolution of the solids during washing.  Many of the elements were at 
very low concentration, and the analyses have a higher uncertainty associated with the results. 
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Table 3.4. Final Permeate Concentration (LS-12/13) and Percent 
Removal of ICP Metals for the Treated Waste Blend 

 

Analyte 
LS-12/13 

(µg/g) 
Percent 

Removed 
Al 6873 2 
Ca [123] 18 
Cd 22 -1 
Cr 92 -7 
Fe [3] 54 
K [693] 0 
Na 90725 4 
Ni 160 0 
P 650 1 

Pb [52] 11 
Sr 74 (a) 

Analyte µg/g M 
Free OH- 2700 0.20 

Total Inorganic 
Carbon(b) 6670 0.69 

Total Organic 
Carbon(b) 9550 0.99 

(a) Sr was below the detection limit in starting waste sample. 
(b) Determined by the hot persulfate method. 
Values in brackets are in low concentration, within 10 times the detection 
limit, and analytical error is likely to exceed 15%. 

 
Table 3.5.  ICP Results for Major Components in Composite Wash Permeate 

 
Analyte µg/g Percent Change 

Al 1180 -- 
Ca [34] 35 
Cd 3.96 -- 
Cr 15.8 -- 
Fe [1.3] 55 
K [130] -- 
Na 22900 30 
Ni 27.8 -- 
P 99.3 -15 

Pb [13] 30 
Sr 15.2 15 

Mo [5] 30 
Zn [2.2] 55 

Values in brackets are in low concentration, within 10 times the 
detection limit, and analytical error is likely to exceed 15%. 
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3.2.3 Chemical Composition of the Combined Entrained Solids and 
Sr/TRU Precipitate 

 
The combined entrained solids and Sr/TRU precipitate were washed on the dead-end filter; approximately 
30 grams of wet solids were recovered.  The filtered, washed solids were determined to be 48 wt% solids.  
Using the recovered solids mass and total mass of the slurry in the CUF, the slurry was calculated to be 
1.35 wt% insoluble solids.  The ICP data were also used to estimate the solids content based on mass 
balance with added Sr and Mn.  Using the ICP data shown in Table 3.6 and the known mass of added Sr 
and Mn, the total insoluble solids were estimated to be 1.38 wt% in the slurry.  The two methods agree 
quite well, suggesting the slurry during filtration in the CUF was 1.4 wt% solids.  The initial entrained 
solids were calculated to be 0.9 wt% undissolved solids.  This is close to the value expected based on the 
initial AN-102 with 2 wt% undissolved solids and the dilution that occurred with blending of the C-104 
streams. 
 
3.3 Estimated Sr-90 and TRU Levels in ILAW Glass 
 
The data from this experiment can be used to estimate the Sr-90 and TRU loadings that would be 
expected in ILAW glass made from the treated supernatant.  Values listed in Table 3.7 are given for the 
current baseline design waste glass concentration of 15 wt% waste Na2O in the ILAW.  The results show 
that the treated supernatant from all samples taken was below the contract limits for ILAW glass.   
 
 Table 3.6. Chemical Composition of Combined Entrained Solids and 

Sr/TRU Precipitate (Dried Basis) 
 

Analyte µg/g-Dry Solids 
Al 82300 
Ba 149 
Ca 3300 
Cd [33] 
Ce [245] 
Cr 5270 
Fe 8225 
La 407 
Mg [130] 
Mn 66950 
Mo [54] 
Na 197500 
Nd [463] 
Ni 225 
P 1685 
Pb 843 
Pd 415 
Sr 96650 
Ti [38] 
Zn 304 
Zr 318 

Values in brackets are in low concentration, within 10 times the 
detection limit, and analytical error is likely to exceed 15%. 
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Table 3.7.  Sr-90 and TRU ILAW Glass Loading for 15 wt% Waste Na2O 
 

Sample Sr-90 (Ci/m3) TRU (nCi/g) 
ILAW Limits: 20 100 

Initial Waste Blend, LS-01 61 66 
Treated Samples (Average) 4-10 (7) 10-21 (16) 

 
Strontium and permanganate addition levels of 0.02M and precipitation and digest at ambient temperature 
(31°C) were adequate to meet the contract requirement.  The TRU loading of the initial waste blend was 
below the contract limit because of the low TRU content in the C-104 sludge pretreatment stream.  
However, significant TRU removal/decontamination occurred when permanganate was added.  As noted 
earlier, in addition to TRU removal, permanganate removed other gamma emitters such as Eu-154, which 
will help reduce the dose of the ILAW waste. 
 
3.4 Filtration Testing 
 
All permeate flux data have been corrected to 25°C by using the following equation;   
 

 






 −

+= 298
1

T273
12500

TC25 eFluxFlux  (3.2) 
 
where Flux25C is the corrected permeate flux, and T is the temperature (in °C) when the flux measurement 
(FluxT) was taken.  Raw data for the permeate flux measurements are included in Appendix B. 
 
3.4.1 Clean Water Flux 
 
Clean water flux measurements are taken before and after all CUF testing.  A comparison of clean water 
flux measurements is given in Figure 3.6 for AN-102/C-104 waste blend (this study) and for AN-102 
diluted waste reported by Nash et al. (2000b) before and after waste testing.  Nash’s measurements were 
obtained at a slightly higher nominal axial velocity, 12 ft/s (3.7 m/s), than used in this study, which was 
11 ft/s (3.4 m/s).  However, without any solids present, the flux measurements are expected to be 
dependent on TMP alone.  The filters used in each study were different (high purity vs. industrial grade), 
but both displayed very similar clean water flux measurements before and after waste testing. 
 
3.4.2 AN-102/C-104 Filtration Test Results 
 
At the completion of the 4-hour precipitate digest in the large beaker, the slurry sample was transferred to 
the CUF feed reservoir for filtration testing.  The slurry was estimated to be 1.4 wt% of entrained and 
Sr/TRU precipitated solids.  Only 950 mL of Sr/TRU precipitated slurry were available for the CUF 
testing.  Volumes less than 1 L adversely affect the pump performance and, as a result, the CUF was not 
able to reach all the targeted matrix conditions (combinations of high TMP and high axial crossflow 
velocity).  The CUF was able to reach all matrix conditions during shakedown testing with higher 
volumes of slurry and during subsequent testing of the CUF with other tank waste.  When the CUF is run 
with insufficient volume (i.e., less than 1 L of feed), the pump entrains air and pump performance 
declines.  However, the inactive tests with treated AN-102/C-104 simulant showed that air entrained due 
to insufficient volume does not materially affect the permeate flux (refer to Section 3.5.2). 
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 Figure 3.6. Clean Water Flux of the High Purity and Industrial Grade 0.1-µm Mott Filters 

Before and After Testing Treated AN-102/C-104 and AN-102 Waste Samples 
 
Table 3.8 provides the targeted conditions, average actual condition and the permeate flux, averaged 
between 10 and 60 minutes after each backpulse.  Each condition was run for 1 hour after backpulsing.  
Note that conditions 1, 2, and 3 have identical targeted flow and pressure.  A review of the Nash et al. 
(2002a,b) filtration data before testing revealed that the majority of the flux decay with time occurred 
within the first 3 hours of testing.  Therefore, the first condition was held for 3 hours to reduce the time 
dependency of the permeate flux for all subsequent conditions. 
 

Table 3.8.  Permeate Flux Data for Targeted and Actual Run Conditions 
 

Condition 
Targeted Flow 

Rate (ft/s) 
Targeted 

TMP (psid) 
Average Flow 

Rate (ft/s) 
Average 

TMP (psid) 
Permeate Flux 

(gpm/ft2) 
1 11 40 11.0 39.9 0.053 
2 11 40 11.1 39.9 0.048 
3 11 40 10.9 39.9 0.044 
4 9 30 9.1 30.8 0.037 
5 13 30 12.9 30.8 0.041 
6 13 50 9.6 51.0 0.036 
7 9 50 (a) (a) (a) 
8 11 40 10.7 40.7 0.039 
9 7 40 7.2 42.9 0.028 

10 15 40 10.6 41.7 0.033 
11 11 20 10.9 21.3 0.027 
12 11 60 8.1 62.7 0.027 
13 11 40 11.0 39.6 0.029 

(a) Condition 7 was skipped because the targeted conditions for this test were the same as the actual conditions in 
condition 6. 
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As expected, and clearly seen from Figure 3.7, the permeate flux has a strong time dependency.  As with 
previous studies (Hallen et al. 2000a,b; Brooks et al. 2000a,b), the flux decreases with time after 
backpulse and between conditions.  These flux values are similar to those reported by Nash et al. (2000b) 
under similar test conditions.  The flux declines with time to values of 0.03 to 0.04 gpm/ft2, and is only 
slightly impacted by changing filtration conditions, TMP and axial velocity.  The solids loading is quite 
low in these tests, 1.4 wt%, and because of the low volume of treated waste, <1 L, higher solids loading 
tests and dewatering in the CUF were not possible. 
 
The average flux data as a function of filtration conditions were analyzed using a statistical software 
package (SAS Institute, Inc.) to determine the dependency of the flux on time, axial velocity, and TMP.  
Using linear regression and the three variables, the model predicts 95% of the data variation (Rsquare = 
0.95).  Of this predictive capability, 89% of the model is influenced by run order (time), 7% by axial 
velocity, and 4% by pressure.  See Figures 3.8 through 3.11 for a graphical presentation of the model.  
The leverage residuals are the flux variations that remain after applying all the model parameters, except 
the parameter represented on the y-axis.  The leverage plots are shown with confidence curves that 
indicate whether the test is significant at the 5% level by showing a confidence region for the line of fit.  
If the confidence region between the curves contains the horizontal line, then the effect is not significant.  
If the curves cross the line, the effect is significant. 
 
The low flux dependence with pressure indicates that the flux is limited by back-transport of solids away 
from the membrane surface.  Increasing time, decreasing axial velocity, and decreasing pressure all cause 
the flux to respond lower.  The equation for permeate flux as predicted by the model is provided: 
 
 Flux = 2.04 x 10-2 - 2.06 x 10-3  x Time + 2.13 x 10-3 x Velocity + 2.03 x 10-4 x TMP (3.3) 
 
  With Flux in gpm/ft2 , Time in hours, Velocity in ft/s, and TMP in psid 
 
Using the empirical model described to normalize the flux to remove time dependency (normalized to the 
first hour of testing), the permeance (flux/pressure) decreases with pressure, with the best-fit curve given 
Equation (3.4).  Figure 3.12 displays this equation graphically. 
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 Figure 3.7. Permeate Flux as a Function of Time at Targeted Conditions of 11 ft/s Axial 

Velocity and 40 psid Transmembrane Pressure (Conditions 1, 2, 3, 8, and 13) 
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  Permeance = 1 x 10-4 + 4.31 x 10-2  x 1/TMP (3.4) 
    
    With Permeance in gpm/(ft2 x psi) and TMP in psid 
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Figure 3.12.  Time Normalized (Corrected) Permeance as a Function of TMP 
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Figure 3.8.  Effect of Time on Permeate Flux
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Figure 3.8.  Effect of Time on Permeate Flux

Figure 3.10.  Effect of Axial Velocity on 
Permeate Flux
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Figure 3.10.  Effect of Axial Velocity on 
Permeate Flux
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Figure 3.11.  Summary of Fit—Whole Model
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Figure 3.9.  Effect of Transmembrane
Pressure on Permeate Flux
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Figure 3.9.  Effect of Transmembrane
Pressure on Permeate Flux
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The data indicate that as the pressure goes up, the permeance decreases as the inverse of pressure or, 
viewed another way, that the flux is weakly dependent on pressure.  Increased pressure increases the 
deposition of particles on the membrane, counteracting the expected result of increase pressure and 
causing a proportional increase of flux in accordance with Darcy’s law (see Equation 3.5).  Thus, 
pressures higher than those tested would be of marginal benefit to the permeate flux. 
 
3.4.3 Investigation into the Cause of the Permeate Flux Decline 
 
It is useful to consider the cause of the decline in permeate flux.  First, the hydraulic resistance of the 
membrane can be determined using Darcy’s pressure filtration equation: 
 

 
Flux

P
µ R total⋅

:=

 (3.5) 
 
Where P is pressure, µ is viscosity, and Rtotal is the total hydraulic resistance due to the filter media itself 
(Rmedia), fouling of the filter media during the test (Rfouling), and any cake/particulate on the filter surface 
(Rcake), Rtotal=Rmedia+Rfouling +Rcake. 
 
In the clean water flux test, prior to running the treated waste, Rfouling  and Rcake are zero and all the 
filtration resistance is from the filter media.  Any increase in resistance measured during the post-testing 
clean water flux is attributed to fouling of the filter media.  As shown in Table 3.9, the measured 0.1-µm 
filter media resistance before testing was 8.4 x 1011 m-1.  After testing, the total resistance increased to 
12.4 x 1011 m-1; the difference, 4 x 1011 m-1, being attributed to fouling that occurred during testing.  The 
total resistance of the filter increased by approximately 50% due to internal fouling during testing in both.  
It is recognized that the true fouling resistance could be higher, as some of the solids that caused the filter 
fouling may have dissolved during the CUF cleaning before the final clean water flux was measured.  
Nevertheless, an increase in hydraulic resistance of this magnitude is generally expected and has been 
documented for other Hanford tank wastes (Geeting and Reynolds 1997). 
 
Using the resistances determined in Table 3.9, and the average filtration data from Table 3.8, the total 
hydraulic resistance (Rtotal) during the filtration of the treated waste can be determined, as well as the 
resistance from solids on the filter (Rcake).  For this analysis, 3.54 cP was used as the viscosity of the 
supernatant (the measured viscosity of simulated AN-102/C-104 supernatant).  Results of these 
calculations are shown in Table 3.10. 
 
Initially, during condition 1, Rmedia and Rfoul accounted for 40% of the total resistance.  By the end of the 
test, even though the sum of Rmedia and Rfoul increased by 50%, their contribution to the total resistance 
decreased to 32%, because Rcake went up by a factor of 2. 
 

Table 3.9.  Filter Resistance Before and After Testing 
 

Filter 
Resistance 

Rtotal 
(1011 m-1) 

Rmedia 
(1011 m-1) 

Rfoul 
(1011 m-1) 

Rcake 
(1011 m-1) 

Before Testing 8.4 8.4 0 0 
After Testing 12.4 8.4 4.4 0 
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Table 3.10.  Filtration Resistance During Testing 
 

Filter 
Resistance 

Rtotal 
(1011 m-1) 

Rmedia 
(1011 m-1 

Rfoul 
(1011 m-1 

Rcake 
(1011 m-1) 

Condition 1 21.6 8.4 0.3(a) 12.9 
Condition 13 39.2 8.4 4.4 26.4 
(a) A linear increase of the resistance due to filter fouling was assumed. 

 
Based on this analysis, investigation of the flux decline should be centered on changes in the slurry 
properties.  Figure 3.3 reveals that the concentration of Sr in the permeate was steadily decreasing during 
the CUF testing.  Clearly, the system was not at equilibrium and solids in the slurry were still 
reacting/changing with run time during the filtration test.  This fact alone may account for some of the 
decline in flux with time.   
 
It is also speculated that the increase in cake resistance may be an artifact of the experimental procedure 
used for evaluating filtration performance, where a small volume of waste is recycled for many hours 
while filtration conditions are varied.  If the solids in the waste are at all friable, particle attrition will 
occur with time.  Less particle attrition is expected in the plant where the waste is dewatered immediately 
upon receipt.  A comparison of the volumetric flow rate of the retentate (i.e., the slurry) with the 
volumetric flow rate of the permeate indicates the number of times the waste cycles through the crossflow 
system.  Using the test conditions from the CUF(a) and the proposed plant filter geometry,(b) the calculated 
number of times the waste would recycle through the plant’s filtration system is estimated to be 230.  This 
number is likely higher than expected because the plan for the waste treatment plant is to stop dewatering 
at ~20 wt% undissolved solids, and the 230-cycle estimate assumes compete conversion (dewatering) to 
permeate.  It is estimated that the slurry was recycled 11,000 times through the filtration system during 
the CUF testing.  When comparing filtration test results for the CUF (~11,000 cycles) with that expected 
in the plant (<230 cycles), less particle attrition should be expected in the plant. 
 
3.4.4 Particle Size Determination 
 
The particle size of the final washed solids (combined entrained solids and Sr/TRU precipitate) was 
determined using a Microtrac X-100 particle size analyzer.  Particle size data were obtained at two flow 
velocities and after sonication.  The particle size distribution based on volume (Figure 3.13) clearly shows 
the waste solids form agglomerates that are very sensitive to shear forces, both increased velocity and 
sonication.  The number-basis particle size distribution (Figure 3.14) gives a better indication of mean 
particle size, which was reduced approximately 40%, from 1.79 µm to 1.13 µm with an increase in 
solution velocity and sonication.  Manganese solids prepared from permanganate treatment of waste 
simulant were found to be amorphous and sub-micron in particle size by scanning electron microscopy 
and transmission electron microscopy analyses.  The Mn solids form larger agglomerates that are very 
sensitive to shear forces, as shown in the comparison of the particle size analyses of Mn solids with and 
without sonication in Figure 3.15.  The particle size data help to explain the reduced filter flux. 
 

                                                      
(a) 0.03 gpm/ft2 at 11 ft/s axial velocity and 40 psid. 
(b) Filter tube ID ½ inch; length 90 inches. 
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Figure 3.13.  Volume Basis Particle Size Distribution of the Washed Solids 
 

 
 

Figure 3.14.  Number Basis Particle Size Distribution of the Washed Solids 
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Figure 3.15.  Particle Size Analyses of Simulated Mn Precipitate 
 
3.5 Inactive Filtration Test Results 
 
This section describes filtration tests conducted in the cold CUF to provide additional filtration data for 
comparison purposes.  The cold CUF is identical to, and was fabricated at the same time as, the hot CUF 
installed in the hot cell.  Test were conducted with clean water, a SrCO3 slurry, and samples of treated 
AN-102/C-104 simulant. 
 
3.5.1 Filter Comparison 
 
Filter flux measurements were made to compare the clean water flux from the two filter types (industrial 
grade and high purity) (Figures 3.16 through 3.19; note, in the figures, industrial grade is designated as IG 
and high purity as HP).  One high purity filter was tested and two industrial grade.  All were new and had 
never been used for filtration testing. 
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 Figure 3.16.  Comparison of Clean Water Flux Measured with New 0.1-µm 

High Purity and Industrial Grade Filters 
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Figure 3.17.  Comparison of Clean Water Flux with Initial Flux Data Added 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40

Transmembrane Pressure (psid)

Pe
rm

ea
te

 F
lu

x 
(g

pm
/ft

2 ) IG Filter #1-initial test

IG Filter #2-initial test

HP Filter-initial test

IG Filter #2-after AN-102
testing

HP Filter-after AN-102
testing

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40

Transmembrane Pressure (psid)

Pe
rm

ea
te

 F
lu

x 
(g

pm
/ft

2 ) IG Filter #1-initial test

IG Filter #2-initial test

HP Filter-initial test

IG Filter #2-after AN-102
testing

HP Filter-after AN-102
testing

 
 

Figure 3.18.  Comparison of SrCO3 Slurry Results with the HP and IG Filters 
 
As shown in Figure 3.16, the average permeate flux for IG #1 and HP is very similar.  However, a closer 
evaluation of the time-dependent flux data for these filters indicates that the IG filter had a stable 
permeate flux with time.  In contrast, the HP filter flux was varied immediately after backpulsing.  This 
contrast is most clearly illustrated Figure 3.17, which shows the same data as Figure 3.16, but also 
includes the data immediately after backpulsing. 
 
If the CUF system was clean and only clean water was being filtered, neither filter should have shown 
any time dependency.  The results in Figures 3.16 and 3.17 were surprising, as the cold CUF was 
completely disassembled and each part was hand cleaned prior to these tests. 
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Figure 3.19.  Comparison of Filtration Flux for the IG and HP Filters with Treated 
 AN-102/C-104 Simulant 
 
In contrast to the clean water flux results, the filtration data for the SrCO3 slurry, used to further compare 
filter performance, indicate that IG #1 is initially more permeable than the other filters, as shown in 
Figure 3.18.  (After the initial SrCO3 testing, IG #1 was set aside for filtration testing in the hot cell with 
actual wastes, and IG #2 was tested.)  IG #2 and the HP initially have approximately the same 
permeability, with the HP filter having a higher measured permeability at 10 psid but lower at 30 psid 
TMP.   A comparison of the two IG filters indicates there was significant variability in the initial 
permeate flux.  Mott indicated that the IG should initially be more permeable than the HP, and these 
results are generally consistent with that information.   It is interesting that after the AN-102/C-104 
simulant testing, the IG filter became less permeable than the HP filter, suggesting the IG filter is more 
susceptible to fouling.    
 
Both types of filters were tested with a treated AN-102/C-104 simulant that contained approximately 
0.8 wt% undissolved solids.  These results are presented in Figure 3.19.  An order-of-magnitude analysis 
of the hydraulic resistances for filtration indicates that the differences in filter permeability observed has 
very little influence on the overall permeate flux.  This conclusion is supported by the data, as the overall 
averaged flux measured was within 2.5%, at 0.0329 and 0.0337 gpm/ft2 for the IG and HP filters, 
respectively.  The IG showed more variability with the standard deviation of 0.00675 versus 0.00424 for 
the HP.  As can be seen in the comparison of the results from the SrCO3 slurry and treated 
AN-102/C-104 simulant, there is not a significant difference between the IG and HP filters. 
 
3.5.2 Effect of Entrained Air on Filter Flux 
 
To determine the effects of entrained air on filter flux, immediately following the completion of filter test 
matrix with treated simulant (using the high purity filter), the slurry volume was reduced from 1500 mL 
to 900 mL.  Two conditions were then run at these reduced volume conditions for 1 hour each, 21 psid 
TMP, 11 ft/s; and 40 psid, 11 ft/s.  The data were then used to develop an empirical model using the 
statistical analyses software program (see Section 3.4.2).  The empirical model derived from the simulant 
data was used to predict the permeate flux measured at the additional processing time for these low-
volume test conditions. 
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The results for the low-volume filter tests could be compared with the model’s predicted values to 
ascertain if there were any significant differences in the observed and predicted flux.  Figure 3.20 shows 
the middle line, a regression line, through the observed simulant flux values that generated the empirical 
model.  The two outer irregular lines are the 95% prediction bands for individual flux values; 95% of 
simulant runs would be expected to generate observed flux values between two lines.  The two plus 
symbols (first symbol from the left and fourth from left) are the two low-volume observed flux results, 
and they are well within their corresponding prediction range based on the simulant model.  Any values 
inside the outer confidence lines would have been acceptable, and these values are well within those 
bounds.  Therefore, evidence suggests that the low-volume filtration does not adversely affect the filter 
flux, but limits the ability to reach the higher TMP and crossflow velocity conditions of the filtration test 
matrix. 
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Figure 3.20.  Comparison of the Simulant Empirical Model with Low-Volume Simulant Permeate 

 Flux Measurements 



 

 4.1 

4.0 Conclusions and Recommendations 
 
 
Reagent addition and precipitate aging/digest were conducted on AN-102/C-104 waste blend samples at 
ambient hot cell temperature (31°C).  This temperature was outside the test specification of 25 ± 5°C, and 
was higher than expected, but no provision had been made for cooling the large, 4-L, beaker before the 
test started.  Reagent addition was Sr(NO3)2 at 0.02M and NaMnO4 at 0.02M.  The waste blend was 
treated at the initial free hydroxide level, 0.33M.  Multiple samples were taken during precipitation, 
digest, and filtration.  The DFs for Sr-90 for all of the samples taken were higher than 5, which is an 
adequate decontamination to meet ILAW disposal requirements.  The addition of permanganate increased 
the Sr-90 decontamination, and the Sr-90 DFs increased with time.  However, upon introduction and 
simultaneous cooling of the sample in the CUF for filtration testing, the Sr-90 DF decreased as a result of 
the decreased filtration temperature, 22-25°C.  This decrease was expected, as earlier results have shown 
the Sr-90 DF to increase with increasing temperature.  The results also show that precipitation 
temperature does not determine the DFs of the Sr/TRU process, but filtration temperature does have an 
impact.  These results verify that, for Sr-90 removal, the precipitation temperature and filtration 
temperature should be the same and the Sr(NO3)2 addition can be reduced to 0.02M. 
 
The primary mechanism for Sr-90 removal is isotopic dilution with the added nonradioactive Sr(NO3)2.  
Examining the Sr-90 to total Sr data ratio for the samples as a function of added reagents and time 
showed the isotopic exchange was basically complete at 18 minutes.  The increased Sr-90  
decontamination with time was not a result of increased isotopic exchange but continued precipitation 
(reduction of total soluble Sr).  The permanganate addition also reduced the total Sr levels, which resulted 
in a higher Sr-90 DF.  The reduction in total soluble Sr by permanganate treatment is likely a result of 
oxidation of the chelating agents, EDTA and HEDTA, and possibly the increase in carbonate 
concentration. 
 
The TRU decontamination in the AN-102/C-104 waste blend occurred after the permanganate was added.  
The TRU removal exceeded the requirements for ILAW glass by a factor of 5.  The TRU 
decontamination showed no consistent trend with time or temperature.  The TRU decontamination at 
18 minutes for the start of permanganate addition was very similar to the final value obtained after 
55 hours of additional testing.  The TRU removal for this study was higher than from the 20-mL-vial test 
(Hallen et al. 2002b) and consistent with AN-102 diluted waste (Hallen et al. 2002a).  This result suggests 
that blending had no impact on TRU removal.  The initial TRU levels were also significantly decreased 
with the waste blending, such that the waste without treatment was below the ILAW levels.  However, 
permanganate treatment has the added benefit of reducing gamma levels in the LAW feed, i.e., removal of 
Eu-154. 
 
Crossflow filtration testing was conducted with the treated waste slurry consisting of approximately 
1.4 wt% total insoluble solids, combined entrained solids, and Sr/TRU precipitate.  Filtration performance 
was similar to the unblended AN-102 waste filtration tests conducted at SRTC (Nash et al. 2000b).  Long-
term filtration performance for the Sr/TRU treated waste is expected to be in the range of 0.02 to 
0.04 gpm/ft2, but will decrease with higher solids loading and increased filter fouling.  Additional 
conclusions include: 
 
• For a slurry of 1.4 wt% insoluble solids, the average permeate flux ranged from 0.027 to 

0.053 gpm/ft2.  Statistical modeling indicates that the dominant variable affecting the permeate flux 
data was time, followed by axial velocity and TMP. 
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• The bulk of the permeate flux decline with time may be caused by increased hydraulic resistance of 
the slurry rather than in-depth fouling of the filter.  The increase in resistance is believed to be a result 
of continued solids formation during the run, as the slurry was not at equilibrium.  The soluble 
strontium concentration in the permeate steadily decreased during the run, resulting in an increased 
undissolved solids loading. 

 
• Another contributing factor to the permeate flux decline is believed to be particle deagglomeration/ 

attrition due to severe shearing conditions in the CUF.  This conclusion is supported by particle size 
analyses that showed a 40% decrease in mean particle size on sonication of the washed solids, which 
is theoretically sufficient to cause the permeate flux decline observed. 

 
• Operating volumes less than the minimum (<1 L) result in air entrainment, which degrades the pump 

performance.  It was demonstrated with treated AN-102/C-104 simulant that the air entrainment does 
not materially affect the resulting permeate flux. 

 
• The comparison of industrial grade and high purity (also known as the 9-log reduction media) 0.1-µm 

filters indicates the permeate flux results differ as a function of filter conditions for the simulant 
tested.  However, the average permeate flux measured for the treated AN-102/C-104 simulant with 
both filters was within 2.5%, at 0.033 and 0.034 gpm/ft2 for the industrial grade and high purity 
filters, respectively.  The permeate flux from the industrial grade filter was influenced more by 
changes in axial velocity and TMP (made during testing of the standard test matrix), as the standard 
deviation was 0.0068 gpm/ft2 (vs. 0.0042 for the high purity filter). 
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Appendix A 
 

Test Instruction



























































 

 

 
 
 
 
 
 
 
 

Appendix B 
 

Analytical Data Reports – Chemical  
and Radiochemical Analyses





















































































































































































































 

 

 
 
 
 
 
 
 
 

Appendix C 
 

Particle Size Distribution 
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